Pneumococcal meningitis causes apoptosis of developing neurons in the dentate gyrus of the hippocampus. The death of these cells is accompanied with long-term learning and memory deficits in meningitis survivors. Here, we studied the role of the PI3K/Akt (protein kinase B) survival pathway in hippocampal apoptosis in a well-characterized infant rat model of pneumococcal meningitis. Meningitis was accompanied by a significant decrease of the PI3K product phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) and of phosphorylated (i.e., activated) Akt in the hippocampus. At the cellular level, phosphorylated Akt was decreased in both the granular layer and the subgranular zone of the dentate gyrus, the region where the developing neurons undergo apoptosis. Protein levels and activity of PTEN, the major antagonist of PI3K, were unaltered by infection, suggesting that the observed decrease in PIP 3 and Akt phosphorylation is a result of decreased PI3K signaling. Treatment with the PTEN inhibitor bpV(pic) restored Akt activity and significantly attenuated hippocampal apoptosis. Co-treatment with the specific PI3K inhibitor LY294002 reversed the restoration of Akt activity and attenuation of hippocampal apoptosis, while it had no significant effect on these parameters on its own. These results indicate that the inhibitory effect of bpV(pic) on apoptosis was mediated by PI3K-dependent activation of Akt, strongly suggesting that bpV(pic) acted on PTEN. Treatment with bpV(pic) also partially inhibited the concentration of bacteria and cytokines in the CSF, but this effect was not reversed by LY294002, indicating that the effect of bpV(pic) on apoptosis was independent of its effect on CSF bacterial burden and cytokine levels. These results indicate that the PI3K/Akt pathway plays an important role in the death and survival of developing hippocampal neurons during the acute phase of pneumococcal meningitis.
Introduction
Childhood meningitis is associated not only with a high rate of mortality but also with a high incidence of neurological long-term sequelae (Merkelbach et al., 2000; Schuchat et al., 1997) . Although the incidence of bacterial meningitis has been slowly declining in developed countries since the introduction of vaccination against select pathogens, it still represents a major problem in developing countries (Tikhomirov et al., 1997) . Meningitis caused by Streptococcus pneumoniae is associated with a particularly high rate of neuromotor disabilities and learning difficulties in survivors (Bedford et al., 2001) . The learning difficulties (impaired memory function) have been linked to neuronal cell death in the hippocampus (Nau and Bruck, 2002) . Thus, human subjects who have succumbed to pneumococcal meningitis (Nau et al., 1999) show an increased number of apoptotic neurons in the subgranular zone of the dentate gyrus. These findings are replicated in an infant rat model of pneumococcal meningitis (Pfister et al., 2000) , in which neuronal damage is observed primarily in the cortex and the hippocampus. While the cortical damage is of necrotic nature, hippocampal damage occurs almost exclusively in the dentate gyrus and is of apoptotic nature, with caspase 3 being a principal mediator (Gianinazzi et al., 2003) . The cells undergoing apoptosis were recently identified to be postmitotic, developing neurons (Grandgirard et al., 2007; Sury et al., 2008) . However, the upstream signaling mechanism involved in the apoptotic cell death of these immature neurons is unknown.
The PI3K/Akt signaling pathway plays an important role in the survival and cell death of neuronal cells (Brunet et al., 2001) . For example, developing neurons are programmed to undergo apoptosis unless they are protected by growth factors that stimulate prosurvival pathways, among which the PI3K/Akt pathway plays a major role (Benn and Woolf, 2004) . Akt (also known as protein kinase B) inhibits the activity of proapoptotic factors such as BH3-only proteins (e.g., 
